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Abstract

Post-translational modifications of collagen, such as non-enzymatic glycation (NEG), occur 

through the presence of extracellular sugars and cause the formation of advanced glycation end-

products (AGEs). While AGEs have been shown to accumulate in a variety of collagenous human 

tissues and alter the tissues' functional behavior, the role of AGEs in modifying the mechanical 

properties of cancellous bone is not well understood.

In this study, an in vitro ribosylation model was used to examine the effect of NEG on the 

mechanical behavior of cancellous bone. Cancellous bone cores and individual trabeculae were 

harvested from the femoral heads of eight fresh human cadavers and paired for ribosylation and 

control treatments. The cores were subjected to either unconfined compression tests or were 

demineralized and subjected to stress relaxation tests. The trabeculae were loaded to fracture in 

four-point bending.

In vitro NEG significantly reduced the energy dissipation characteristics of the organic matrix as 

well as the post-yield properties including the stiffness loss of the individual trabeculae (p<0.05) 

and the damage fraction of cancellous bone (p<0.001). AGEs in cancellous bone cores from both 

treatment groups correlated with damage fraction (r2=0.36, p<0.05) and post-yield strain energy 

(r2=0.21, p<0.05); and with energy dissipation characteristics of the organic matrix (r2=0.35, 

p<0.05). In the control group, AGEs content increased up to six-fold with age (r2=0.95, p<0.008). 

This study shows that cancellous bone is susceptible to NEG that increases its propensity to 

fracture. Moreover, despite tissue turnover, cancellous bone may be susceptible to an age-related 

accumulation of AGEs.
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Introduction

Over the course of aging, bone undergoes a myriad of biochemical changes that may be 

responsible for the declined mechanical performance of the tissue, leading to an increased 
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incidence of fractures in the elderly [1]. Since bone is a composite material consisting of 

mineral and organic phases, alterations in its constituents will inevitably modify its 

biomechanical behavior. Collagen, which accounts for 90% of the organic phase in bone, is 

susceptible to post-translational modifications, including non-enzymatic glycation (NEG) 

[2]. Through the presence of reducing sugars in the extracellular matrix, NEG causes the 

formation of advanced glycation end-products (AGEs) that are present as intra- and inter-

fibrillar cross-links between collagen fibers [2]. AGEs have been shown to accumulate with 

age and negatively impact biochemical and mechanical properties of the basement 

membrane, tendon, skin, articular cartilage, cardiovascular connective tissue, and cortical 

bone [3–8]. The alterations of the organic network in bone, caused by NEG, could be 

relevant to increased bone fragility with aging and in disease including diabetes [9–12].

NEG of bone has been shown to modify its post-yield properties [5,7]. These changes play 

an important role in the age-related fragility of cortical bone but are not well-understood in 

cancellous bone. Cancellous bone is of particular clinical interest because it shows the most 

obvious signs of osteoporotic bone loss through thinning of trabeculae and loss of 

connectivity [13]. However, the measures of bone mass and mineral density have been 

shown to be inconsistent predictors of bone strength [14,15]. Thus, other measures related to 

the bone quality may be necessary to fully understand and assess the risks associated with 

age-related fragility of cancellous bone. The goal of this study was to investigate the role of 

NEG in cancellous bone fragility by testing the following hypotheses: (1) NEG may modify 

cancellous bone fracture behavior at both the trabecular and apparent tissue levels, and (2) 

AGEs content may be correlated to the decline of specific mechanical properties relating to 

post-yield behavior in cancellous bone.

To test the above hypotheses, human cylindrical cancellous bone cores were extracted, 

incubated using a previously developed in vitro ribosylation procedure [7], and 

mechanically tested in unconfined compression. The energy dissipation characteristics of the 

cancellous bone organic matrix were evaluated using stress relaxation tests. In addition, 

individual trabeculae were excised from the same donors and incubated using the in vitro 

ribosylation procedure. Since it has been previously reported that the failure of a cancellous 

bone volume results from the buckling and bending of its structural elements [16,17], we 

tested individual trabeculae in four-point bending to examine the effect of NEG on the 

trabecular level properties of cancellous bone. Lastly, AGEs content was determined from 

the mechanically tested cancellous bone cores obtained from the respective donors and 

tested for correlation with changes in the mechanical properties at the trabecular and 

apparent tissue levels.

Methods

Specimen preparation

Eight fresh human femurs were selected from female donors of ages ranging from forty-two 

to ninety-seven (ages: 42, 46, 51, 62, 74, 81, 87, 97) to extract cylindrical cancellous bone 

cores and individual trabeculae. The donors were free of hepatitis B, HIV, and known 

metabolic bone diseases (NDRI, Philadelphia, PA).
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A drill press with a modified jig was used to obtain multiple cores of cancellous bone, 

approximately 8 mm in diameter and 20 mm in length, from the femoral head of each donor. 

X-rays of each individual femur were taken to determine the principal trabeculae orientation, 

and the cores were taken longitudinally along these directions. The cancellous bone cores 

were cut into 8–10 mm segments using the ISOMET 11-1180 low-speed diamond blade saw 

(Buehler Corp., Lake Bluff, IL). The length and diameter of each core were measured and 

averaged using measurements taken at 30° rotations using a caliper.

Individual trabeculae were harvested along the longitudinal directions from 1-mm-thick 

frontal slices [18] taken from the lessor trochanteric region beneath the femoral neck of the 

same donors from which the cancellous bone cores were extracted. Longitudinal trabeculae 

were selected because they are aligned with the primary loading orientation, and as such 

they are larger and easier to handle than horizontal trabeculae. The trabeculae, found in the 

cancellous region, were removed using a surgical scalpel and had a length of at least 6 mm. 

Four to six trabeculae were extracted per donor, and any trabecula damaged during the 

course of extraction or handling was omitted from this study. All procedures were done in 

constant hydration.

Treatment groups

Thirty-two cylindrical cancellous bone cores and thirty-eight trabeculae were obtained (2–6 

bone cores per donor; 4–8 trabeculae per donor). All specimens were paired by donor and 

anatomical location to undergo a sevenday in vitro incubation period in either ribosylation or 

control solutions. The 7-day in vitro ribosylation simulates an environment of increased and 

accelerated oxidative stress which is roughly equivalent to roughly 2–3 decades of aging [5] 

and has been shown to significantly increase the levels of fluorescent AGEs [7]. The 

ribosylation solution contains 0.6 M ribose, zwitterionic buffers (30 mM HEPES), and 

protease inhibitors to prevent enzymatic reactions (25 mM ε-amino-n-caproic acid, 5 mM 

benzamidine, 10 mM N-ethylmaleimide) in Hanks buffer. The control solution has the same 

composition as the ribosylation solution but was without ribose. During the incubation 

process, the pH of the solutions was monitored every 24 h and maintained between 7.3 and 

7.6.

After the seven-day incubation period, the cancellous bone cores were divided into two sets: 

one to undergo unconfined compression, and the other to be demineralized and subjected to 

mechanical stress relaxation. Each set consists of pairs that contain one specimen that 

underwent control treatment and one specimen that underwent ribosylation treatment. The 

first set consisted of eleven pairs (22 cores) of mineralized cancellous bone cores taken from 

donors of ages 46, 51, 81, 87, and 97, and this set was designated for unconfined mechanical 

testing. The resulting data were used to compare the alterations in the mechanical behavior 

due to the in vitro ribosylation. A subset of 4 pairs (8 cores), including 1 control and 1 

ribosylated core from donors of ages 46, 51, 87, and 97, were then analyzed for AGEs 

accumulation and used for regression analysis between unconfined compression mechanical 

behavior and the extent of AGEs accumulation.

The second set consisted of five pairs (10 cores) of cores taken from donors of ages 42, 46, 

62, 74 and 81, and this set was demineralized and subjected to compressive stress relaxation. 
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Following mechanical testing, this entire set was analyzed for AGEs accumulation and the 

results were used for regression analysis between stress relaxation mechanical behavior and 

the extent of AGEs accumulation.

The individual trabeculae were distributed such that half of samples from each donor 

underwent control treatment and the other half underwent ribosylation treatment. After the 

seven-day incubation period, all trabeculae from donors of ages 42, 46, 51, 62, 74, 81, 87, 

and 97 were loaded to failure in four-point bending (38 trabeculae). Representative loading 

curves for each type of mechanical testing can be seen in Fig. 1.

Demineralization of cancellous bone cores was done by incubating the specimens in a 20% 

formic acid solution for a period of 7 days. The solutions were renewed every 24 h. 

Demineralization end-point determination assays (Polysciences, Warrington, PA) and digital 

X-rays (FujiFilm Medical Systems, CT, USA; 11 pixels/mm) were used to verify 

demineralization of each specimen.

Mechanical testing

Unconfined compression testing of control and ribosylated mineralized cancellous bone 

cores was conducted using the MTS Bionix 858 hydraulic servo mechanical testing station 

(MTS, Eden Prairie, MN). Each specimen was glued to brass endcaps using a cyanoacrylate 

glue and loaded to failure at 833 microstrains per second in constant flow of saline at 37 °C. 

The resulting gage length was at least 8 mm, and continuum assumptions were visually 

confirmed [19]. Displacement was obtained from an extensometer that measured the relative 

displacement of the endcaps. Load-displacement data were collected during the test, 

converted into stress and strain and used for calculating the following parameters: (1) elastic 

modulus (measured as the maximum value of slope based on an 11-part linear regression of 

the stress– strain curve between 0.1% and 0.8% apparent strains) [20,21]; (2) yield stress 

and strain (determined using the 0.2% offset method); (3) ultimate stress and strain (defined 

as the point at maximum load); (4) post-yield strain energy (defined as the area under the 

stress–strain curve between the yield and ultimate points); and (5) damage fraction (defined 

as the change between elastic and secant moduli divided by the elastic modulus, where 

secant modulus is defined as the stress–strain slope between the origin and the ultimate 

point).

Stress relaxation testing on the control and ribosylated demineralized bone cores was 

conducted using the Enduratec ELF 3200 micromechanical test system (Enduratec Inc, Eden 

Prairie, MN) and brass endcaps. Similar to the compression tests, the displacement was 

obtained from an extensometer that measured the relative displacement of the endcaps. The 

demineralized bone cores were loaded to 50% compressive strain and allowed to relax over 

90 s. Preliminary studies in our laboratory on the loading of the cancellous bone organic 

matrix show that it will exhibit linear–elastic behavior up to 50% compressive strain. The 

resulting stress–strain curve was fitted to the one-dimensional stress relaxation equation of 

the following form (Eq. (1)):

Tang et al. Page 4

Bone. Author manuscript; available in PMC 2015 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(1)

where the coefficients σeq, Δσ0, and D in the equation describe stress at equilibrium, change 

in stress and the characteristics of the specimen undergoing stress relaxation, respectively. 

The amount of energy applied to the specimen can be approximated as a product of the 

changes in stress and strain. Thus, energy dissipation fraction for each specimen by the 

following linear–elastic relationship (Eq. (2)):

(2)

where Einit and Efinal describe the energy applied to the organic matrix and are defined as the 

respective equilibrium stress multiplied by the applied strain.

Four-point bending tests on individual trabeculae were done using custom design fixtures 

with the ELF 3200 micromechanical test system. Each trabecula was loaded to failure at a 

displacement rate of 0.05 mm/s, and the following parameters determined from the force–

displacement curves: (1) ultimate force (maximum load); (2) kelastic (the slope of the force 

displacement curve in the linear region); (3) kfinal (the slope between the point of ultimate 

force and the origin); and (4) structural stiffness loss, as given by Eq. (3):

(3)

Extent of non-enzymatic glycation

Following mechanical testing, the cancellous bone cores were demineralized and digested 

with papain collagenase (0.4 mg/ml in 0.1 mM sodium acetate buffer, pH 6.0, 16 h, 65 °C). 

A total of 8 pairs (1 glycated and 1 control from each donor) of cancellous bone cores were 

measured for AGEs and used for examining aging trends and comparing treatment 

differences: 4 pairs that have undergone unconfined compression (ages: 46, 51, 87, and 97); 

and 4 pairs that have undergone stress relaxation (ages: 42, 62, 74, and 81). AGEs content 

was determined using fluorescence readings taken with a Synergy-HT Microplate reader at 

wavelengths of 370 nm excitation, and 440 nm emission (Biotek USA, Winooski, Vermont) 

and normalized to a quinine sulfate standard. The amount of collagen for each cancellous 

bone core was approximated based on the amount of hydroxyproline [22]. Hydroxyproline 

content was determined using a Dynatech MR-600 Microplate reader (Dynatech Inc. 

Alexandria, Virginia) that recorded the absorbance of the digested samples against a 

hydroxyproline standard at the wavelength of 570 nm.

Data were tested for normality, and the Student's t-tests were used to establish the causality 

between glycation and altered mechanical properties. Furthermore, a generalized linear 

model (GLM) containing two independent factors, namely age of the donor and glycation 

content (AGEs), was used to investigate the effect of glycation on mechanical properties; 
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age was regarded as a covariate. Using sequential allocation of the sums of squares, the 

GLM accounts for the effects of glycation and then independently evaluates the effects of 

the age. Pearson correlation was used to determine the relationships between AGEs 

accumulation and damage fraction, post-yield strain energy, and energy dissipation fraction. 

All statistical analyses were performed on Minitab 13 (Minitab USA, State College, PA).

Results

The occurrence of NEG was visually observed in the ribosylated group for both individual 

trabeculae and cancellous bone cores through a change in the coloration towards a yellow 

tone in the ribosylated group compared to the white color of the control group (Fig. 2). 

Consistent with the color change, the AGEs content in cancellous bone cores, expressed in 

terms of nanograms quinine fluorescence per milligram of collagen, was significantly higher 

(p<0.022) in the ribosylated group (322.4±256.5) than the control group (169.9±120.7) (Fig. 

3). The control cancellous bone core group also showed a significant increase in AGEs 

content with age (Fig. 4; p<0.008). In the cancellous bone cores, the correlations between 

damage fraction/post-yield strain energy and age of the donors were found to be non-

significant and weak (p<0.53; r2 =0.07).

Results from the unconfined compression tests of the cancellous bone cores showed that, 

while the ribysolated group did not demonstrate statistically significant differences from the 

control group in yield stress/strain, elastic modulus, and ultimate stress/strain (Table 1), 

significant differences were seen in key post-yield parameters including post-yield strain 

energy (p<0.05) and damage fraction (p<0.001) due to ribosylation. Structural properties 

from the 4-point bending of individual trabeculae (Table 2) showed that the reduction in 

stiffness loss at the level of individual trabeculae declined significantly (p<0.05) in the 

ribosylated group (0.191±0.12) than in the control group (0.344±0.13), and the reduction 

was similar in magnitude to the damage fraction reduction due to ribosylation at the 

apparent level in the mineralized cancellous bone cores (Fig. 5).

The results of the stress relaxation tests on demineralized cancellous bone cores show that 

the in vitro treatment of the organic matrix caused a two-fold reduction in the energy 

dissipation fraction of the ribosylated group than the control group (Table 3; p<0.001). The 

results also show significant negative correlations between AGEs content and damage 

fraction of cancellous bone cores (Fig. 6a; p<0.05); between AGEs content and post-yield 

strain energy of cancellous bone cores (Fig. 6b; p<0.05); and between AGEs content and 

energy dissipation fraction of the demineralized organic matrix (Fig. 7; p<0.05).

Discussion

It is important to acknowledge several limitations when interpreting the results of this study. 

The first of which is the limited sample size and the sole use of female donors, which may 

not sufficiently address the age-related accumulation of AGEs. However, a much larger 

study consisting of over 100 donors conducted by Odetti et al. found that the concentration 

of pentosidine in human cancellous bone notably increased in elderly individuals of 65 years 

and older, and the accumulation of AGEs appears to be accelerated in osteoporotic 
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individuals [23]. Furthermore, Odetti et al. also found that there were no statistical 

differences in AGEs accumulation between men and women. Thus, the results from this 

study suggest that, despite a more rapid rate of remodeling and tissue turnover compared to 

anatomically adjacent cortical bone tissue [24], cancellous bone may also be susceptible to 

NEG and the accumulation of AGEs. Secondly, local variations in apparent density within 

the same donor may have affected our cancellous bone mechanical measurements. Previous 

studies have shown that trabecular architecture exhibits heterogeneities between anatomical 

locations [25–27] and can be a source of error in testing cancellous bone. Our experimental 

design, however, allows us to account for some of the donor-specific heterogeneities by 

extracting the ribosylated and controls from the same anatomical location and using end-

artifact free testing protocols [20,21]. Despite this, intra-site differences in apparent density 

may have contributed to some variations in the mechanical behavior. Lastly, AGEs can form 

among non-collagenous proteins and DNA adducts [28], and the use of tissue auto-

fluorescence may include these cross-links. However, it is widely accepted that type I 

collagen constitutes approximately 90% of the organic phase in bone and is the primary 

load-bearing component of the organic phase. Thus, despite the formation of AGEs among 

other extracellular components, it has been suggested that the primary type of linkage would 

be among collagen molecules [28–30], which in turn play a significant role in the post-yield 

deformation of bone [8,31–34]. The use of specific biomarkers, such as pentosidine, as an 

indicator for the accumulation of AGEs is subject to the same assumptions [28].

Color change in long-lived proteins including collagen and lens crystalline has been 

considered as an evidence of the accumulation of AGEs [3,35]. The shift from white to 

yellow in our samples shows that cancellous bone, similar to cortical bone [7,8], is 

susceptible to alterations by NEG (Fig. 2). The occurrence of NEG and consequent 

accumulation of AGEs was also confirmed by the quantification of fluorescent biomarkers 

in these samples (Fig. 3). Consistent with our interpretation of previous studies [5,7], the 

results of this study show that 7 days of incubation causes accumulation of AGEs in bone 

and corresponds to 2–3 decades of aging. For example, the ribosylated sample from the 42-

year-old donor exhibited a similar level of AGEs accumulation as the control sample from 

the 74-year-old donor. Hence, the extent of AGEs accumulation induced by in vitro NEG is 

clinically relevant since it remains in physiological ranges. This also allows us to correlate 

bone's post-yield properties with of AGEs accumulation ranging from normal to elevated 

pathological levels [2–6,23].

The fluorescence of the organic matrix due to modification by NEG has been well-

characterized and used to show the accumulation of AGEs in various tissues and anatomical 

locations [36,37]. NEG produces a multitude of AGEs through covalent lysine and arginine 

modifications, and the use of background florescence provides an indicator for the NEG-

mediated effects on collagen because multiple products will fluoresce at a given wavelength 

[38]. Others investigators have used specific markers including pentosidine as a marker of 

age-related cumulative damage in protein [5,8,18,28]. However, pentosidine is found to be 

in very low concentrations in tissues, and its individual significance to mechanical properties 

remains unknown [39,40]. This study does not address the role of enzymatic cross-links, 

such as pyridinolines and pyrroles. The presence of such cross-links has not been shown to 
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correlate with age [8,39,40] and affect age-related mechanical properties [40]. However, 

since in vitro NEG only causes alterations in the form of non-enzymatic cross-links, the 

paired experimental design allows us to establish a causality between NEG modification and 

altered fracture behavior. Our study postulates that increased non-enzymatic cross-links in 

cancellous bone may account, in part, for the alteration in functional properties of cancellous 

bone tissue that occurs with age.

The comparison of elastic modulus between the ribosylated and control group of the 

mineralized cancellous bone cores showed no differences, suggesting that NEG did not 

affect the stiffness of cancellous bone. As a composite material, bone primarily derives its 

stiffness from its mineral phase and its post-yield properties from its organic phase [31]. 

Post-translational modifications to the organic matrix by NEG will therefore result in altered 

post-yield behavior. The results of this study are consistent with the above concept and 

previous work on cortical bone that showed no changes in tensile or compressive moduli 

despite the NEG-mediated changes in the organic matrix [7,32].

Mechanistically, bone material derives its resistance against fracture from microcracking-

based damage mechanisms [41– 43] and from the stretching, deformation, and failure of the 

organic matrix [44,45]. Consistent with these concepts, the organic matrix extracted and 

tested from ribosylated group showed poor energy dissipation characteristics that manifested 

itself as altered damage fraction at the tissue and apparent levels. NEG of the organic matrix 

may therefore increase the propensity of cancellous bone to fracture by modifying 

toughening mechanisms. Because the fracture propensity of a brittle microcracking material 

including bone is more directly determined by its post-yield properties [7,41], we 

investigated the effect of NEG on post-yield strain energy and damage fraction of cancellous 

bone.

Compared to the control mineralized cancellous bone core group, post-yield strain energy 

and damage fraction were significantly lower in the ribosylated group. The observed 

difference in the post-yield energy, in which the ribosylated cancellous bone cores shows a 

two-fold reduction in magnitude, is a measure of the material's ability to dissipate energy by 

irreversible processes including but not limited to the formation of microcracks and diffuse 

microdamage [46]. Damage fraction, a well-established measure of ductility in the damage 

mechanics of bone and composite materials [46–48], is defined as the ratio of the change 

between the initial and the final modulus over the initial modulus. The reduction in damage 

fraction in the ribosylated group (Fig. 5) provides additional evidence of the decreased 

ability of NEG-altered cancellous bone to accumulate damage and dissipate energy. 

Riboslyated mineralized cancellous bone cores also deformed less before failure, but failed 

at higher loads (lower ultimate strain but higher ultimate stress). However, consistent with 

our previous cortical bone study [7], the changes in ultimate stress/strain failed to reach 

significance. In contrast to post-yield strain energy and damage fraction that represent the 

combined effects of the changes in both stress and strain, ultimate stress/strain provides a 

single parameter description of the fracture behavior and hence was not independently able 

to represent a transition to brittle bone behavior.
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The reduction in structural stiffness loss in the ribosylated trabeculae is similar to the 

reduction in the damage fraction of ribosylated cancellous bone cores from the same 

anatomical location (Fig. 5). This finding is consistent with a recent study on the influence 

of NEG on trabecular microfracture [18] and demonstrates that the NEG affects trabecular 

tissue to a similar extent as the cancellous bone cores. Therefore, the brittle behavior of the 

cancellous bone cores can be traced back to the reduced ability of individual trabeculae to 

accumulate damage that consequently results in the catastrophic failure of a larger bone 

volume. The similarity between the ribosylation-induced reduction in the damage fraction of 

the mineralized cancellous bone cores and ribosylation-induced stiffness loss of the 

individual trabeculae suggests that the mechanism for the NEG-mediated alteration in the 

mechanical behavior may be similar at the apparent tissue and trabecular levels. NEG affects 

the lamellar level properties and propagates its adventitious effects to the apparent level 

properties. The inverse relationships between AGEs content and damage fraction, and 

between AGEs content and post-yield strain energy of cancellous bone, suggest that the 

increase of AGEs content contributes to the deterioration of specific aspects in mechanical 

behavior of cancellous bone as well as the organic matrix at the apparent level.

In summary, this study demonstrated that non-enzymatic glycation plays a significant role in 

modifying organic matrix properties and tissue-level and the apparent-level properties of 

cancellous bone. In addition, based on the results of this study and others, the extent of 

AGEs accumulation appears to increase with age and may play a significant role in the age-

related fragility of cancellous bone.
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Fig. 1. 
Representative curves of the resulting data for respective mechanical test performed at each 

level of tissue organization. (a) Top: loading of the mineralized cancellous bone cores to 

failure in unconfined compression. (b) Middle: stress relaxation of the demineralized 

cancellous bone matrix over a ninety-second period. (c) Bottom: loading of the individual 

trabeculae to failure in four-point bending.
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Fig. 2. 
Cancellous bone cores and individual trabeculae show changes from a white (appears as a 

lighter shade) to a yellow color (a darker shade) after in vitro ribosylation. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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Fig. 3. 
AGEs content was significantly higher in the ribosylated group than the control group in 

cancellous bone cores (Student's t-test, p<0.022).
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Fig. 4. 
In vivo accumulation of AGEs content with age in the control group in cancellous bone 

cores (GLM, p<0.008).
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Fig. 5. 
Damage fraction reduction due to in vitro ribosylation in cancellous bone cores (40% 

reduction) is similar to the extent of stiffness loss reduction seen in the trabeculae (45% 

reduction) that underwent the same treatment (p<0.001 for cancellous bone core; p<0.05 for 

individual trabeculae).
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Fig. 6. 
(a) Top: correlation between AGEs content and damage fraction of cancellous bone cores 

(Pearson correlation, p<0.05). (b) Below: correlation between AGEs content and post-yield 

strain energy of cancellous bone cores (Pearson correlation, p<0.05).

Tang et al. Page 17

Bone. Author manuscript; available in PMC 2015 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. 
Correlation between AGEs content and energy dissipation fraction of the cancellous bone 

organic matrix (Pearson correlation, p<0.05).
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Table 2
Results from four-point bending of the individual trabeculae

Ultimate force [N] kelastic [N/mm] kfinal [N/mm] Stiffness loss a

Control 5.21 ± 3.4 53.6 ± 19 26.1 ± 12 0.344 ± 0.13

Ribosylated 5.83 ± 4.5 49.2 ± 17 31.7 ± 16 0.191 ± 0.12

± values denote standard deviation.

a
Denotes significance (Student's t-test, p<0.05).
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